1. From previously published measurements of soil respiration rate (R) and temperature (T) the goodness of fit of various R vs T relationships was evaluated. 2. Exponential (Q10) and conventional Arrhenius relationships between T and R cannot provide an unbiased estimate of respiration rate. Nor is a simple linear relationship appropriate. 3. The relationship between R and T can, however, be accurately represented by an Arrhenius type equation where the effective activation energy for respiration varies inversely with temperature. An empirical equation is presented which yields an unbiased estimator of respiration rates over a wide range of temperatures. 4. When combined with seasonal estimates of Gross Primary Productivity (GPP) the empirical relationship derived provides representative estimates of the seasonal cycle of net ecosystem productivity and its effects on atmospheric CO2. The predicted seasonal cycle of net ecosystem productivity is very sensitive to the assumed respiration vs temperature relationship. 5. For biomes in areas where soil temperatures are low, soil respiration rate is relatively more sensitive to fluctuations in temperature. Nevertheless, more information is required before any predictions can be made about changes in soil carbon pools in response to future temperature changes.
Introduction
Release of CO2 from soils due to production of CO2 by roots and soil organisms and, to a lesser extent, chemical oxidation of carbon compounds is commonly referred to as soil respiration. There have been many studies showing a positive correlation between soil respiration (R) and temperature (T) (for reviews see Singh Our purpose here is to examine published data in order to evaluate the ability of linear, exponential and an Arrhenius type relationship to predict soil respiration rates in the absence of soil moisture limitations. Consequences of the assumed relationship for simple models of the seasonal cycle of soil respiration and net ecosystem productivity are then considered, as are possible changes in soil respiration under conditions of elevated soil temperatures due, for example, to greenhouse gas-induced climate change (Houghton, Jenkins & Ephraums 1990).
Method of analysis
As well as being influenced by temperature, the other abiotic control substantially affecting soil respiration rates is soil moisture. Therefore, also accepting the 316 criteria of Reich & Schlesinger (1992) regarding mea-J. Lloyd & surement technique employed (exclusion of data J. A. Taylor obtained with alkali absorbtion techniques if the surface area of absorbent was less than 5% of the surface area of the covered ground), we have extracted data from all published papers known to us where the relationship between soil respiration and either air or soil surface temperature could be evaluated with, for the data used in our analysis at least, there being no evidence of soil water limitations on soil respiration rate. These are listed in Table 1 . For each study, six to 12 values were obtained from graphs or tables of the annual cycle of R and T or from graphs of the relationship between R and T. In some cases a relationship, as prescribed by the authors, was used with values of R and T being calculated at discrete intervals over the temperature range originally examined. This provided 149 data points covering a wide range of ecosystems and soil temperatures. The relationship between R and Tfor all these points is shown in Fig. 1 . This shows an increase in R with T for all studies, but also shows large differences in rates between studies at any given temperature. This is presumably a consequence of differences between studies in the concentration and composition of the carbon in the soil (the effective mass of carbon per unit area, M) available as respiratory substrate. There is also the complication that the air or soil surface temperatures and respiration rates given in Fig. 1 
where RX is a data set-dependent parameter giving the respiration rate at some standard temperature and f(T) is some function describing the relationship between kR and T which is common to all 15 data sets. Large differences between studies in the absolute values of R meant the unweighed least squares was unlikely to provide an unbiased least squares estimator (Fig. 1) . Using a Simplex procedure, an error sum of squares (SSE), X(R-R)21JR2, where J is the fitted value of R, was minimized. As much of the variance in Fig. 1 arises as a consequence of variations in absolute respiration rate between the 15 data sets, we express the proportion of variance accounted for by temperature as 1 -MSE/MST where MSE =residual mean square (SSE/df where df is the degrees of freedom associated with SSE) for the temperature function being tested and MST is the residual mean square of a model fit using equation 2 but with f(T) = 1.
In order to compress values from all data sets to a common scale, data in Figs 2-6 are presented in units relative to the fitted respiration rate at 10TC. This fitted respiration rate varies with the model being tested. The relative values in Figs 2-6 are also model dependent, and therefore also vary between figures. Simple simulations of the effects of radiation, temperature and ambient humidity on the seasonal cycle in terrestrial gas exchange are shown in Fig. 8 , for which we have simulated respiration using equation 11 and obtained Gross Primary Productivity (GPP) estimates from a whole-tree gas-exchange model which solves leaf temperature budgets and includes stomatal responses to light, temperature and vapour pressure deficit, as well as leaf mesophyll responses to light and temperature ; Syversten & Lloyd 1994). We have provided the constraint that over 1 year R = GPP, and hence that the area examined was neither a net sink nor a net source for CO2. We ignored small intra-annual variations in the soil carbon pool which may occur due to the different seasonalities of soil respiration, litter fall, etc. Given that From our models of GPP and R we conclude that seasonal variations in atmospheric CO2 are due to differences in both the timing and the amplitude in the seasonal cycle of GPP and R. This arises mainly as a consequence of surface air temperature lagging daylength and also because of the greater annual variation in incoming radiation as opposed to surface temperature. In warmer areas such as Florida, high leaf temperatures and associated high leaf-to-air vapour pressure deficits in summer months result in stomatal closure and reduced GPP compared to estimates based on radiation and air temperature alone. This dampens the seasonality in GPP, an effect which is even more present in arid climates. This occurs even in the absence of soil water deficits (Syvertsen & Lloyd 1994 ).
The temperature sensitivity assumed for respiration has a large effect on the predicted seasonal cycle. For example, in cold climates, even a Q10 of 2 5 is not high enough to simulate equation 11. On the other hand, compared to equation 11 a Q10 of 1.5 more than doubles the modelled GSNF in cold climates but has much less effect at high temperatures (not shown). The difference at low temperatures would be less apparent if respiration was constrained to equal zero at all temperatures less than -10TC ( lIkRx dkRIdT, the relative temperature sensitivity (RTS) is plotted as a function of temperature in Fig. 9 . This shows that at 0C a 1 TC increase in temperature would cause a 22% increase in kR whereas at 25 TC the increase would only be about 5%. Thus, in the absence of moisture limitations, ecosystems associated with low soil temperatures such as tundra and boreal forest have the greatest relative sensitivity of soil respiration rate to changes in soil temperature. Nevertheless, we cannot draw any conclusions about the sensitivity of soil carbon pools to temperature change as we do not know whether the relative temperature sensitivity of NPP and hence carbon input into soils also shows such a marked non-uniformity.
Conclusions
The temperature sensitivity of soil respiration is bestdescribed by an empirical relationship that effectively gives an increase in activation energy with decreasing temperature. When combined with seasonal estimates of GPP this relationship provides a realistic simulation of net ecosystem productivity and its effect on atmospheric CO2 concentrations. Valid conclusions regarding the effects of possible changes in temperatures on soil carbon pools cannot however yet be made, as detailed knowledge of the temperature sensitivity of carbon input into the soil (via NPP) is also required.
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